The magnetic phase transition sequence confirms that the priority of electric-field-induced V O formation/annihilation in the complex bilayer system is mainly determined by the V O formation energies and Gibbs free energy differences, which is supported by theoretical analysis. We not only realize a reversible manipulation of the magnetic phase transition in an oxide bilayer, but also provide insight into the electric field control of V O engineering in heterostructures.
I. INTRODUCTION
Oxygen vacancies (V O ) are inevitable in multivalent transition metal oxides (TMOs) [1, 2] .
The functionality of TMO materials in information storage [3, 4] , ferroelectrics [5, 6] , and catalysis [7, 8] is strongly dependent on the concentration and dynamics of V O . Thus, the manipulation of V O and the corresponding physical properties are important issues in TMOs.
It has been demonstrated that varying the electric field is an effective route for controlling the electrical and magnetic properties of various oxides based on the charge accumulation/depletion [9] [10] [11] [12] [13] [14] . Recently, however, a polarized ionic liquid (IL) has been used to generate a much higher electric field that could even confine V O and realize electronic and crystal phase transitions in the entire volume of various single oxide layers like VO 2 , WO 3 , YBa 2 Cu 3 O 7 , SmNiO 3 , SrCoO 3 , and manganites [15] [16] [17] [18] [19] [20] [21] .
Compared with single oxide layer systems, oxide multilayer systems are more commonly employed in various electronics or energy devices, such as multiferroic/ferroelectric tunnel junctions and solid-oxide fuel cells [22, 23] . In these systems, both the formation/annihilation of V O under an electric field determine their performance: the drift of V O in the electrode under an electric field results in the reduction of the operating temperature in a solid-oxide fuel cell [23, 26] . As a result of the V O transport between different oxide layers, the electric field control of V O in oxide multilayers is much more complex than that in the single layer, especially for the priority of V O formation/annihilation in the different layers.
In this study, we use an electric field applied through an IL to control the V O and magnetic phase transition in cobaltite/manganite (SrCoO 3-x /La 0.45 Sr 0.55 MnO 3-y ) heterostructures with high ionic transport ability [23] . 
II. METHODS
All of the samples were grown using pulsed laser deposition (PLD) from stoichiometric Then the electric field could attract the charged oxygen ions or vacancies in the thin film, inducing the oxidation or reduction of thin film [28] . Samples with large areas of 5 × 2.5 mm 
III. RESULTS
Before investigating the complex bilayer system, we show the electrical manipulation of electronic phases in a single layer of reduced to L-LSMO, the conductivity and magnetism of the sample, which are coupled together due to the double-exchange mechanism, are suppressed [32] .
We investigated the dependence of the crystal structure on gate voltages in a heterostructure with 15 nm BM-SCO on the top and 6 nm L-LSMO at the bottom (BM-SCO/L-LSMO) using XRD, as shown in Fig. 2(a) . For this characterization, the whole area of the heterostructure was gated by the IL and the nonvolatile nature of the gating effect guaranteed the feasibility of the ex-situ experiments after removing gate voltages [15, 16, 20, 21] . This method was also adopted in the other ex-situ experiments of STEM and XAS. Gate voltages were applied in the sequence as follows: The electrical modulation of V O not only changes the crystal structure of the heterostructure but also results in the variation of the electronic structure. Here, the XAS at 300 K shown in [29] for more details). The uniformed gating effect along the depth of the thin film also confirms the comparability of samples with different thicknesses (Fig. S8 of [29] and a previous report [21] ). The peak positions of Co-(left axis) and Mn-L 3 (right axis)
are summarized in Fig. 3(a) , which reflect the valence of these two elements where the higher the peak position, the higher the chemical valence [34, 35] .
Interestingly, although the BM-SCO is on top of the heterostructure, which is nearer to the IL, the LSMO underneath exhibits a more obvious oxidization tendency as proved by the sharp increase in the Mn valence at a small negative V G (state ② The O-K edge XAS in Fig. 3(b) provides the oxygen stoichiometry information of the heterostructures. The O-K edge XAS signals in the TEY mode are mainly contributed by the SCO and LSMO layers, rather than the STO substrate, after consideration of the exponentially damped XAS intensity with an increased distance from the thin film surface [36] . At the O-K edge, the ratio of peak A/peak B is related to the Co 3d-O 2p hybridization. As we normalize the curves by setting the intensity of peak A to be one, the higher the peak B intensity, the more V O exist in the systems [37] . Interestingly, the intensities of peak B are rather low in states ③ and ④ compared with the other states, indicating that the P-SCO is stable only when the negative gate voltage is relatively large. While the abruptly increased peak B intensity in state ⑤ indicates that the V O are favoured in SCO even at a small positive V G . The XAS of Co-, Mn-L and O-K edges collectively indicate the fact that the V O prefer to remain in the SCO layer rather than LSMO. In the whole gating process, we did not observe any notable change in the surface morphology, suggesting that the thin film was not irreversibly damaged during the measurements (Fig. S9 of [29] ). Fig. 4(a) Nevertheless, the T C value could not be read from the R-T curves any more in states ③ and ④, because the signal of LSMO is masked by that of FM P-SCO whose T C is not coupled with a metal-insulator transition [8] .
Gate voltage is then gradually swept back to the positive direction, which introduces more Table S1 of [29] ) and indicate the reversibility and reproducibility of the IL gating experiment. The determination of the SCO and LSMO phases in the bilayer is supported by the transport and magnetic properties of single SCO and LSMO with different oxidation levels (Figs. S12 and S13 of [29] ).
IV. DISCUSSION
The formation/annihilation priority of V O and resulting magnetic phase transition sequence in the SrCoO 3-x /La 0.45 Sr 0.55 MnO 3-y heterostructures could be understood by a combination of the V O formation energy (E V ) [40, 41] and Gibbs free energy difference (ΔG) 8 .
The E V , ΔG, and the resultant phase transition barriers (E B ) in SCO and LSMO are shown in Fig. 6 . As both LSMO and SCO exhibit a high ionic mobility [23] , V O can be injected into or extracted from the whole heterostructure if V G is sufficiently high to overcome the E B for the phase transition in both the top and bottom layers. In this situation, the phase transition with a negative ΔG (reduced total energy of the whole system) is favoured independent of the distance that the oxide layer is from the IL. In contrast, if V G is only high enough to overcome the E B for the phase transition in the top layer, this phase transition will occur whatever the value of ΔG. As the oxygen ions must go through the top layer to the bottom layer, the phase transition in the bottom layer could occur only after the E B of the phase transition of the top layer has been overcome. the bottom could be activated at a higher gate voltage [40, 41] . This qualitative model could be used to understand the sequence of the phase transition.
We designed a control experiment using a heterostructure with an inverse structure where 5 nm M-LSMO was grown on 15 nm P-SCO to further verify the role of the V O formation energy and Gibbs free energy difference on the IL gating effect. In this structure, the P-SCO was first grown to guarantee the high-quality epitaxy of LSMO and the pristine state was M-LSMO/P-SCO. The BM-SCO/L-LSMO and M-LSMO/P-SCO were cooled to room temperature in the oxygen of 1 Torr quickly and in 300 Torr at a rate of ~5 º C/min, respectively, to get needed structures and compositions. of [29] ).
Compared with the field effect transistors consisting of solid-dielectric gates such as SiO 2
and SrTiO 3 , a much larger amount of oxygen vacancy formation/annihilation is found in polarized ionic liquid, where the large electric field (>10 MVcm -1 ) [27] and possible redox reaction [28] at the ionic liquid/oxide interface might play crucial roles. Although the transport measurements were done with the application of gate voltage, the electrostatic effect is difficult to penetrate into such a thick heterostructure of SCO (15 nm)/LSMO (6 nm) due to the strong screening effect by the surface charge. For instance, the penetration thickness for the electrostatic effect is confined to a limited depth of atomic dimensions for metallic materials [4] . Moreover, the results of XRD, (S)TEM, and XAS experiments were carried out after the removal of gate voltages, excluding the contribution from electrostatic effect in ionic liquid gating. We believe that such a V O formation energy and Gibbs free energy difference controlled phase transition shows the potential to be generalized for other oxide bilayers with good ionic transport abilities. However, it should also be mentioned that for some systems with low ionic transport ability, like ferroelectric materials, the situation might be different (e.g., BTO/LSMO and PZT/LSMO) [34, 42] .
V. CONCLUSION
In conclusion, the reversible manipulation of the magnetic phase transition in SCO/LSMO heterostructure is realized based on the oxygen vacancies formation and annihilation under an electric field. In such a phase transition, the brownmillerite SrCoO 2. Table 1 
